The type I intermediate filament keratin 16 (KRT16 gene; K16 protein) is constitutively expressed in ectoderm-derived appendages and in palmar/plantar epidermis and is robustly induced when the epidermis experiences chemical, mechanical or environmental stress. Missense mutations at the KRT16 locus can cause pachyonychia congenita (PC, OMIM:167200) or focal non-epidermolytic palmoplantar keratoderma (FNEPPK, OMIM:613000), which each entail painful calluses on palmar and plantar skin. Krt16-null mice develop footpad lesions that mimic PC-associated PPK, providing an opportunity to decipher its pathophysiology, and develop therapies. We report on insight gained from a genome-wide analysis of gene expression in PPK-like lesions of Krt16-null mice. Comparison of this data set with publicly available microarray data of PPK lesions from individuals with PC revealed significant synergies in gene expression profiles. Keratin 9 (Krt9/K9), the most robustly expressed gene in differentiating volar keratinocytes, is markedly downregulated in Krt16-null paw skin, well-ahead of lesion onset, and is paralleled by pleiotropic defects in terminal differentiation. Effective prevention of PPK-like lesions in Krt16-null paw skin (via topical delivery of the Nrf2 inducer sulforaphane) involves the stimulation of Krt9 expression. These findings highlight a role for defective terminal differentiation and loss of Krt9/K9 expression as additional drivers of PC-associated PPK and highlight restoration of KRT9 expression as a worthy target for therapy. Further, we report on the novel observation that keratin 16 can localize to the nucleus of epithelial cells, implying a potential nuclear function that may be relevant to PC and FNEPPK.
Introduction
Hereditary palmoplantar keratoderma (PPK) results from inherited defects in a broad variety of genes encoding structural proteins, effectors of terminal differentiation, ion channels and other effectors (1) . PPK lesions involve dramatic epidermal thickening and hyperkeratosis of palms and soles and can be painful and debilitating for patients. PPK disorders are individually rare but represent a significant clinical problem. The involvement of a broad variety of genes in the genetic etiology of PPK suggests that their protein products function in an integrated fashion to promote normal homeostasis of the epidermis in volar skin. A better understanding of the pathophysiology of PPK lesions is needed to better understand normal homeostasis in volar skin and support the development of effective therapeutic strategies for PPK, which are lacking at present.
PPK disorders arising from mutations in keratin genes are either epidermolytic, in that they entail cell fragility and lysis in the differentiating layers of epidermis, or non-epidermolytic, in which there is scant evidence of cell fragility. Mutations in keratin 9 (KRT9, human gene; Krt9, mouse gene; K9, protein) or KRT1 cause diffuse and epidermolytic PPK (EPPK, OMIM: 144200) (2,3), whereas mutations in KRT16 or KRT6c can cause a presentation of focal non-epidermolytic PPK independent of other symptoms associated with the disease pachyonychia congenita (PC; FNEPPK, OMIM: 613000; PPKNEFD, OMIM: 615735) (4, 5) . Mutations in the wound inducible keratins KRT16, KRT17, KRT6a or KRT6b each can cause PC types 1-4 (PC-1, OMIM: 167200; PC-2, OMIM: 167210; PC-3, OMIM: 615726; PC-4, OMIM: 615728), which involve anomalies in ectoderm-derived epithelial appendages in addition to painful, debilitating and non-epidermolytic PPK (6) (7) (8) (9) . The pathophysiology of all PPKs including PC-associated PPK is partially understood at present, and only palliative treatments are available for these conditions. There are currently only two mouse models considered to mimic keratin-based PPK disorders. Mice genetically null for Krt16 spontaneously develop footpad lesions mimicking non-epidermolytic PPK typical of PC patients (10) (11) (12) . Mice genetically null for Krt9 develop footpad lesions that mimic epidermolytic PPK lesions (13) .
Krt16-null mice, originally generated in the inbred C57Bl/6 strain background, develop oral lesions shortly after birth and footpad skin lesions as young adults (10) . Both features are relevant to PC. The footpad skin lesions entail a dramatic thickening of the entire epidermis, particularly at sites of contact with the substratum, and display gross misregulation of danger-associated molecular patterns (DAMPs or alarmins) and several other barrier homeostasis genes (11) . Transfer of the Krt16-null allele to the FVB/N strain background yields a qualitatively similar albeit quantitatively less-severe phenotype (14) , likely emulating the known importance of genetic background in PC (4, 15, 16) . Prior to onset of PPK-like lesions, Krt16-null mouse paw skin exhibits oxidative stress secondary to hypoactive Keap1-Nrf2 signaling, which also occurs in PPK lesions of PC patients (17) . Topical activation of Nrf2 in the footpad skin of Krt16-null mice, achieved either via sulforaphane (SF) treatment in male mice or co-treatment of SF and diarylpropionitrile (DPN) in female mice, can prevent the genesis of PPK-like lesions in Krt16-null mice (17, 18) .
Studies of Krt16-and Krt9-null mouse models have so far entailed the use of biased approaches to defining the pathophysiology of PPK-like lesions in footpad skin (10, 11, 13, 17, 18) . To broaden the scope of our analysis of the mechanisms potentially at play, we assessed global changes in gene expression in Krt16-null footpad skin lesions. This approach validated and significantly extended previous studies showing that skin barrier genes are misregulated in the absence of Krt16 and yielded new insight into a role for K16 in regulating terminal differentiation of volar epidermis. Comparison of this data set with published microarray data of human cases of PC highlights the heterogeneity and complexity of PPK. Our findings point to impaired terminal differentiation as a key driver of pathophysiology beginning at an early stage of PC-associated PPK and identify restoration of KRT9 expression as a potential novel therapeutic strategy of interest for the treatment of PC-associated PPK lesions.
Results

Genome-wide microarray analysis of gene expression in Krt16-null footpad skin lesions
To explore the global gene expression changes that occur in Krt16-null paw skin, RNA isolated from the footpad skin (epidermis and dermis) of 2 month old Krt16-null and wild-type (WT) littermate controls was subjected to microarray analysis using the Affymetrix Mouse Transcriptome Array 1.0 plate (data sets are publicly available under GEO accession GSE117375). Differentially expressed genes were ranked by fold change and binned by standard deviations (SDs) from WT gene expression using a normal Gaussian distribution. Using a cutoff of 2 SDs from WT expression (the top 5% of transcripts detected), there was a total of 5327 differentially expressed transcripts between WT and Krt16-null paw skin including known protein coding genes, microRNAs and predicted genes (2583 upregulated, 2744 downregulated) (Fig. 1A) . Of the 2583 upregulated transcripts in Krt16-null paw skin, 700 were binned as ≥3 SD above WT, and, of those, 264 transcripts were binned as ≥6 SD above WT expression. Of the 2744 downregulated transcripts in Krt16-null paw skin, 808 were binned as ≤3 SD below WT, and 256 transcripts were binned as ≤6 SD below WT. The top 264 upregulated transcripts and top 256 downregulated transcripts in Krt16-null paw skin were subjected to gene ontology (GO) analysis using PANTHER (19, 20) . Biological processes involved in inflammation and the immune response are enriched in the upregulated genes in Krt16-null paw skin lesions (Supplementary Material, Table 1 ), thus confirming and extending previous studies (11) . Biological processes involved in muscle function and development are enriched in the downregulated genes in Krt16-null paw skin lesions (Supplementary Material, Table 2 ), which could reflect the mild growth defect and/or reduced mobility exhibited by Krt16-null mice (10) .
This microarray data set was also analyzed using Ingenuity Pathway Analysis (IPA) software to determine potential upstream regulators that could account for differentially expressed genes between genotypes. Of the top 10 regulators predicted to be activated in Krt16-null paw skin,  half are cytokines including TNF, CSF2, IL-1β, IL-2 and IL-1α (Supplementary Material, Table 3 ). Additionally, the proinflammatory transcription factor NF-κB and kinase ERK1/2 are also predicted to be activated in Krt16-null paw skin lesions (Supplementary Material, Table 3 ), again consistent with the established notion that inflammation and dysregulated innate immunity contribute to the pathology of Krt16-null footpad lesions (11) .
Four genes (S100A8, S100A9, Stfa1 and Sprr2d) previously found to be dramatically upregulated in Krt16-null skin using target-specific Real Time-quantitative Polymerase Chain Reaction (RT-qPCR), both in the lesions that spontaneously arise in volar paw skin and in phenotypically normal ear skin subjected to mechanical abrasion or chemical irritants (11) , are identified among the top 10 most significantly upregulated genes in this analysis (Fig. 1B) . Moreover, several additional genes showing significant upregulation in the lesions, including barrier homeostasis genes and DAMPs (Supplementary Material, Table 4 ), have also been previously shown to be elevated in Krt16-null paw skin lesions using target-specific RT-qPCR assays (11) , further attesting to the robustness of the microarray findings. The top 10 most downregulated genes consist of an eclectic group with no clear theme in gene function (Fig. 1B) . Followup RT-qPCR assays performed on RNA obtained from Krt16-null footpad lesions for a select subset of these genes, namely myocilin (MYOC), tenascin XB (TNXB), Krt9, heat shock protein B7 (HSPB7), myozenin 2 (MYOZ2) and indolethylamine Nmethyltransferase (INMT) confirmed their downregulated status (Fig. 1C) . As detailed below, the finding of markedly reduced Krt9 expression was selected for a deeper investigation because this gene is highly and specifically expressed in terminally differentiating keratinocytes of volar epidermis, and mutations in human KRT9 can cause PPK.
Comparison of global gene expression in Krt16-null footpad lesions to PC patients
The availability of a genome-wide survey of gene expression from phenotypic Krt16-null mouse footpad skin provides an opportunity to further test for the strengths and limitations of this model through a formal comparison with previously published microarray data sets of PPK lesions from individuals with PC (21) . The human survey entailed the pairwise comparisons of PPK lesions with clinically uninvolved skin, within the same individual, for seven independent cases of PC harboring mutations in either KRT16 (three cases), KRT6 (three cases) or KRT17 (one case) (21) .
To study the relationship of transcriptional changes between Krt16-null mouse footpad skin lesions and each of these KRT6 and KRT16 mutation cases, we merged the human PPK data with the mouse Krt16 data set based on human-mouse orthologs. Genes present in both data sets were preserved for further comparisons. As shown in Supplementary Material, Figure 1 , there is a statistically significant and positive correlation between the transcriptional changes of Krt16-null mouse lesions and human PPK lesions, with the lowest correlation involving a K6A-N171K case (r = 0.062; P = 6.72e-16) and the highest correlation involving the K6B-E472K case (r = 0.19; P = 9.81e-137). Besides, transcriptional changes in PPK lesions show a significant degree of correlation among PC individuals, with the highest concordance involving the two independent cases of a K16-R127C mutation (r = 0.48; P = 0.000) and the lowest concordance involving the K6A-N171K case and K16-R127G cases (r = 0.13; P = 2.54e-64). Two independent cases harboring a K6A-N171K mutation had a lower correlation coefficient to each other (r = 0.18; P = 2.80e-132) than to the K6B-E472K case (r = 0.29; P = 0.000 or r = 0.19; P = 2.67e-135). These findings (Supplementary Material, Fig. 1 ) highlight a pronounced degree of heterogeneity among cases of PC-based PPK, not only between individuals bearing different keratin mutations but also among those bearing the same mutant keratin allele (21) . While the correlation coefficient (r) values between the Krt16-null data set and each individual PC case may come across as low, the occurrence of a positive correlation is nonetheless significant given the broad range of correlation coefficients observed between human PC cases. Further, there are significant differences in the design of these surveys [human samples entailed the pairwise comparison between clinically involved and clinically uninvolved skin within the same individual subjects; the mouse study entailed a global comparison between Krt16-null mice (N = 4) and WT mouse samples (N = 4)] as well as in the data filtering and analysis. Besides, the human cases involve markedly induced expression of KRT6 isoforms and KRT16 including the disease-causing allele (21) , whereas the mouse model entails a Krt16-null mutation.
We then sought to look for genes with similar expression changes between Krt16-null paw skin lesions and PPK lesions from cases of human PC. To this end we maintained our focus on genes showing a ≥3 SD change in the mouse data set (this study) and ≥3.5-fold change and P-value of 0.1 in the human data sets (21) . This strategy yielded a total of 391 upregulated and 564 downregulated genes in the mouse data with known orthologs in the human genome, 78 upregulated and 129 downregulated genes in the KRT16 human data set and 121 upregulated and 41 downregulated genes in the KRT6 human data set. Of the 391 upregulated genes from the mouse data set, 22 are shared with KRT16 human cases (P = 5.0e-19; Fig. 1D ) and 32 are shared with KRT6 human cases (P = 1.4e-25; Fig. 1F ). Of the 564 downregulated genes in the mouse data set, 30 are shared with KRT16 human cases (P = 1.1e-16; Fig. 1E ) and 9 are shared with KRT6 human cases (P = 1.2e-6; Fig. 1G ).
Among the commonly upregulated genes between Krt16-null paw skin lesions and KRT6 or KRT16 cases of PC, we observe an enrichment for genes involved in barrier homeostasis (e.g. CSTA, KRT6A, S100A8, S100A9 and SERPINB2 among others) as expected based upon our previous work (11 
Genetic ablation of IL-1R minimally impacts presentation of Krt16-null footpad lesions
IL-1 signaling, a key innate immune signaling pathway, is heightened in several inflammatory cutaneous disorders, including psoriasis and atopic dermatitis (23) and can be activated by secretion of DAMPs (24) . Moreover, IL-1 signaling regulates communication between epidermal keratinocytes and dermal fibroblasts during wound healing (25) , and a lack of cross-talk between such cell types could account in part for the diminished (yet still significant) alarmin response to chemical challenge in Krt16-null mouse keratinocytes in primary culture relative to intact skin tissue (11) . The IPA of our microarray data set predicted IL-1α and IL-1β as top upstream regulators that could account for global gene expression changes in Krt16-null paw skin lesions (Supplementary Material, Table 3 ). Further, several IL-1 family signaling molecules are elevated in Krt16-null footpad lesions (Supplementary Material, Table 4 ) (11) . Such evidence that IL-1 signaling could be a major player in PPK pathogenesis prompted us to evaluate the potential that K16 interfaces with IL-1R-dependent signaling in volar skin.
We crossed Krt16-null with IL-1R-null mice (both in the C57Bl/6 inbred strain background), in which IL-1-dependent signaling is abrogated (26) including Sprr2d, Krt6a, DefB4, S100A9 and SerpinB3 was also similar in IL-1R;Krt16 double-null compared to Krt16-null paw skin (Supplementary Material, Fig. 2F ). These findings thus strongly suggest that IL-1R-dependent signaling does not play a significant role in the pathophysiology of PC-like PPK lesions in Krt16-null footpad skin.
Decreased Krt9 expression precedes onset of lesions in Krt16-null paw skin
Among the most downregulated genes in Krt16-null paw skin is Krt9, which stands out because it codes for a type I keratin and represents the most abundant mRNA transcript expressed in human volar skin (27) . Further, KRT9 is mutated in the setting of human EPPK (28) and a null mutation at the Krt9 locus gives rise to an EPPK-like phenotype in mouse, consisting of epidermal thickening, hyperkeratosis, hyperproliferation, impaired terminal differentiation and suprabasal cell lysis (13) . Other researchers reported that KRT9 transcript (21) and K9 protein (21, 29) are frequently downregulated in PPK lesions of individuals with PC (21, 29) . These elements together pointed to a potential role for the loss of Krt9 expression in the pathophysiology of the PPK-like lesions arising in Krt16-null footpad skin and to a possible defect in terminal differentiation in this setting.
We sought to confirm and extend the microarray-based finding of reduced Krt9 expression at 2 months of age in Krt16-null footpad skin. We analyzed Krt9/K9 expression using molecular assays and tissue immunostaining in 2 month, 1 month and 2 week old mice, respectively, corresponding to 'late', 'early' and 'pre' stages of PPK (17) and also in E18.5 embryos, immediately before birth. By RT-qPCR assays, the Krt9 mRNA was reduced by ∼50% at 2 weeks and by >90% at 4 weeks and 8 weeks after birth in Krt16-null relative to WT footpad skin ( Fig. 2A) . Interestingly, in late stage (E18.5) embryos where Krt9 is expressed at low levels in WT paw skin (average E18.5 Cq = 29.6 versus 2 weeks Cq = 26.6), the Krt9 mRNA is already reduced by 60% in Krt16-null relative to WT (average WT Cq = 29.6 versus Krt16-null Cq = 30.5) ( Fig. 2A) . By western immunoblotting, the K9 protein was reduced by ∼50% at 2 weeks and 4 weeks and by ∼90% at 8 weeks after birth in Krt16-null relative to WT footpad skin ( Fig. 2C ; see Fig. 2B for quantitation). Indirect immunofluorescence confirmed the dramatic reduction in K9 expression and showed that the loss occurs across the entire suprabasal epidermis in 2 week old Krt16-null footpad skin relative to WT controls (Fig. 2D) . Thus, the loss of Krt9/K9 occurs very early in Krt16-null footpad skin, well before the onset of the lesion process, raising the dual prospect that it could reflect impaired differentiation and play a role in PPK pathophysiology.
Terminal differentiation is altered ahead of onset of PPK-like lesions in Krt16-null footpad skin
Histologically, paw skin tissue of 2 week old Krt16-null mice show minor alterations relative to WT littermates. At high magnification, granular layer keratinocytes are misshapen while basal keratinocytes appear crowded and their nuclei are less columnar in shape, as conveyed by a statistically significant decrease in the aspect ratio (WT: 2.2 ± 0.1, Krt16 null: 1.8 ± 0.1; P = 0.005) (Fig. 3A and B) . Given the Krt9 findings (Fig. 2) , this prompted us to survey additional markers of epidermal differentiation. The transcript levels for Krt1, Krt10 and involucrin (Ivl), which mark an early stage of differentiation, and those for Krt2, filaggrin (Flg), and loricrin (Lor), which reflect a later stage of differentiation, were all significantly elevated in 2 week old Krt16-null front paws (Fig. 3C) . Such molecular attributes suggest that an effort to stimulate terminal differentiation gets under way in Krt16-null footpad skin, significantly ahead of the development of PPK-like lesions. Of note, several of the differentiation markers elevated at 2 weeks of age are not significantly changed in Krt16-null paw skin relative to controls at E18.5 (Fig. 3D) .
Loss of Krt9/K9 expression is likely not the result of the Krt16 targeting strategy
Type I keratin genes are clustered and organized in a conserved fashion in mammalian genomes (30) . On mouse chromosome 11 (31) the Krt9 locus is located 52.8 kb pairs away from the Krt16 locus, with the Krt14 gene located in between (Fig. 4A) . Such proximity raises the prospect that introduction of a null mutation at the Krt16 locus, which was achieved by replacement of the open reading frame with a LacZ cassette as part of the knock-out mouse project (KOMP) (10) , would impact the regulation of Krt9 and other proximal genes in the locus. To evaluate this possibility, we measured the steady state mRNA levels for Krt15, Krt14, Krt17 and Krt42 in Krt16-null and WT mouse footpad skin at 2 weeks, 4 weeks and 8 weeks of age. The Krt15 mRNA is elevated at 2 and 4 weeks of age in Krt16-null footpad skin but is comparable to WT at 8 weeks of age (Fig. 4B) . The Krt14 mRNA is transiently decreased at 4 weeks of age in Krt16-null footpad skin, but remains similar to WT at 2 and 8 weeks of age (Fig. 4B) . Interestingly, the Krt17 mRNA is decreased at 2 and 4 weeks in Krt16-null footpad skin, but dramatically increases at 8 weeks of age in Krt16-null paw skin (Fig. 4B) , consistent with its well-known induction in lesional and inflamed skin (32) . Lastly, the Krt42 mRNA is increased at 2 and 8 weeks of age but is decreased in 4 weeks in Krt16-null relative to WT footpad skin (Fig. 4B) . Therefore, Krt9 is the only gene in this region of the type I keratin gene cluster whose transcript is significantly and consistently decreased at all three time points, implying that the cause of the loss of Krt9 expression is likely not an artifact of locally disrupting the Krt16 locus. Besides, and as reported below, the small molecule-based prevention of the footpad skin phenotype in Krt16-null mice entails a robust induction of the Krt9/K9 expression.
As part of this analysis, we also examined the transcript levels for Krt6a, which is considered the natural type II keratin partner gene for Krt16 (33) , and Krt5, the main partner gene for Krt14. The Krt6a mRNA is significantly increased in Krt16-null paw skin at 2, 4 and especially in 8 week old Krt16-null mice relative to WT footpad skin (Fig. 4C) , consistent with its highly stress-inducible character (34) . The extent of its induction increased along time and reached very high levels (>12-fold increase over WT) in established PPK-like lesions of Krt16-null mice. Of interest, KRT6a expression is markedly elevated in PPK lesions of individuals with PC, though it is accompanied by a parallel increase in KRT16 expression in such cases (11, 21) . The mRNA levels of Krt5 prevailing at 2, 4 and 8 weeks are quite stable in Krt16-null and WT footpad skin (Fig. 4C) , further highlighting the differential regulation of highly similar and proximally located keratin genes in this setting.
SF-mediated prevention of the PPK-like lesions entails Krt9 induction in Krt16-null skin.
We previously reported that timely topical treatment of male Krt16-null mice with SF, a small molecule inducer of Nrf2-Keap1 Representative western blots for total K9 protein in Krt16-null relative to WT controls. Actin was used as a loading control. (D) Confirmation of decreased K9 protein 2 weeks prior to footpad lesion onset in Krt16-null paw skin by immunofluorescence staining. Scale bar, 50 μm. All data presented as mean fold change relative to WT + SEM. * P < 0.05, * * P < 0.01, * * * P < 0.001. n.s. denotes not significant. Krt16-null and WT paws. N = 4-8 mice/genotype. All data presented as mean fold change relative to WT + SEM. * P < 0.05, * * P < 0.01, * * * P < 0.001.
signaling (35) , prevents the development of PPK-like lesions in footpad skin (17) . Whereas this SF treatment alone is not effective in female Krt16-null mice, addition of the ER-β agonist DPN enables proper activation of Nrf2 and prevents the development of footpad lesions (18) . We next tested whether the prevention of PPK-like lesions in SF-treated Krt16-null mice includes the restoration of Krt9/K9 expression in footpad skin. Male mice treated topically with SF ahead of footpad lesion onset showed successful activation of Nrf2 along with restoration of Krt9/K9 expression ( Fig. 5A-E) . This treatment regimen did not succeed in activating Nrf2 signaling in female Krt16-null mice, or in male mice for which the treatments started after lesion onset, and there was no rescue of Krt9/K9 levels in any such cases ( Fig. 5A-E) . While these observations do not formally rule out that the restoration of Krt9/K9 expression is a bystander effect of SF treatment, they do suggest that the ability of SF to prevent PPK-like footpad lesions in Krt16-null mice involves the restoration of Krt9/K9 expression, implying that loss of the latter plays a role in the pathophysiology of the lesions arising in Krt16-null footpad skin.
Krt9 expression is not directly regulated by Keap1-Nrf2 signaling
Oxidative stress secondary to hypoactive Keap1-Nrf2 signaling occurs at the time of lesion onset and represents a key driver of the Krt16-null PPK-like phenotype (17) . Further, Nrf2 signaling is known to stimulate terminal differentiation in epidermis and esophagus (36, 37) and promote barrier function in skin (38, 39) , raising the prospect that this pathway could be directly inducing Krt9 expression. Nrf2 directly regulates expression of keratins 6 and 16 through functional antioxidant response elements (AREs) (40) . Analysis of genomic DNA flanking the KRT9 (human) and Krt9 (mouse) loci revealed the presence of several putative AREs proximal to the coding sequence (Supplementary Material, Fig. 3) , further supporting the notion that Nrf2 signaling may play a role in regulating Krt9 expression in volar epidermis.
We find that both the Nrf2 transcript and protein are statistically within normal levels at 2 weeks of age in Krt16-null paw skin (Fig. 6A-C) , while that of its target genes Nqo-1, HO-1 and Sprr2d are modestly upregulated (Fig. 6D) . Further, there is no statistically significant change in transcript levels of several genes involved in the synthesis and metabolism of the major antioxidant glutathione including glutathione synthetase (GS), glutamine cysteine ligase catalytic subunit (GCLC), glutathione reductase (GSR) and glucose-6-phosphate dehydrogenase (G6PD) (Fig. 6E) . This is in contrast to what was observed at 4 weeks of age just prior to lesion onset, when there is a significant decrease in transcript and protein levels for both GS and GCLC (17) . To build on these findings, we measured the levels of the major antioxidant glutathione, which occurs as either its reduced (GSH) or oxidized form (GSSG). There was no significant difference in total glutathione, GSH, or GSSG levels between Krt16 WT, heterozygous or null mouse paw skin at 2 weeks of age (Fig. 6F-H) , again unlike the situation that prevails at 1 month of age (17) . We then evaluated Nrf2-null paw skin at 4 weeks of age and found that there is a 2-fold increase in the Krt9 transcript levels, which is statistically significant and likely reflects altered regulation of terminal differentiation, along with a very modest increase in K9 protein levels (Fig. 6I-K) . These findings indicate that Nrf2 is not essential for Krt9 transcription in the epidermis of volar skin, in spite of the presence of predicted AREs in the locus (41) . Further, they suggest that Keap1-Nrf2 signaling does not play a direct role in reduced levels of Krt9/K9 occurring in Krt16-null skin and otherwise suggest that terminal differentiation is altered ahead of a state of oxidative stress in this model.
Assessing the status of defined pathways regulating terminal epithelial differentiation in skin
We next investigated the status of pathways known to impact terminal differentiation in an effort to determine the basis for loss of Krt9/K9 expression under circumstances where terminal differentiation seems to be stimulated. The literature suggests that expression of Krt9 is regulated in part by epithelial-mesenchymal interactions. Co-culture of nonvolar keratinocytes with volar skin-derived fibroblasts can induce Krt9/K9 expression (42) . The dermal transcription factor Homeobox A13 (HOXa13) regulates the development of distal appendages, and mice deficient for HOXa13 do not express WNT5a or Krt9 in palmoplantar keratinocytes (43) . Of note, defective Krt9 expression in HOXa13 deficient mice can be rescued by restoring WNT5a expression (43) . We found that transcript levels for HOXa13 were similar in WT and Krt16-null footpad skin. By contrast, the transcripts for two established HOXa13 target genes, ephrin tyrosine kinase A7 (EphA7) and bone morphogenetic protein 2 (BMP2), were significantly upregulated in 2 week old Krt16-null relative to WT footpad skin (Fig. 7A) . From this, we infer that HOXa13 activity may be upregulated and thus is not likely to account for diminished Krt9 transcript levels in Krt16-null paw skin.
WNT signaling also regulates Krt9 expression via epithelialmesenchymal interactions. While there are reports that inactivation of WNT signaling by the inhibitor Dickkopf 1, which is enriched in palmoplantar keratinocytes, can stimulate Krt9 expression (44, 45) , more recent data conveys that KRT9 expression can be induced in keratinocyte-only cultures by activation of WNT signaling (27) . We find that the transcript levels for canonical WNT ligands Wnt10a and Wnt10b are significantly increased in Krt16-null paw skin, whereas the noncanonical WNT ligand Wnt5a mRNA is minimally impacted (Fig. 7B) . Elevated transcript levels for Axin2 and the receptor Frizzled 8 (FZD8), which are established WNT target genes, provide further evidence that canonical WNT signaling is also possibly elevated in Krt16-null paw skin (Fig. 7B) .
We next assessed the status of pathways anchored by Notch and Distal-Less Homeobox 3 (Dlx3). Notch signaling promotes keratinocyte differentiation under normal circumstances and absence of Notch1 causes aberrant keratinocyte differentiation (46) . Transcript levels for Notch1, Jagged1 and Hes1 are modestly increased in Krt16-null paws at 2 weeks of age, with only Notch1 and Jagged1 reaching statistical significance (Fig. 7C) . Keratinocytes deficient for the transcription factor Dlx3 exhibit upregulated DAMPs expression upon challenge (47), similar to Krt16-null skin (11) . Yet, the transcript levels for Dlx3 and two of its target genes, Desmoplakin (Dsp), and Envoplakin (Evpl), were significantly upregulated in Krt16-null paws at 2 weeks of age (Fig. 7D) , again making it unlikely that the loss of Krt9 is due to impaired Dlx3 signaling.
Mechanical stress is yet another driver of terminal epidermal differentiation (48) (49) (50) and is poised to play a key role in palmar/plantar epidermis, a tissue that experiences mechanical stress. Hippo/YAP1 (Yes Associated Protein 1) is a mechanosensitive pathway and has been reported to negatively regulate epidermal differentiation by promoting stem cell proliferation and antagonizing Notch signaling (51, 52) . At 2 weeks of age, we observe modest upregulation of the YAP1 target genes cysteine rich angiogenic inducer 61 (Cyr61), connective tissue growth factor (Ctgf ), zinc finger E-box binding homeobox 1 (Zeb1), and Snail in Krt16-null paw skin relative to control, which do not reach statistical significance (Fig. 7E) . Finally, aryl-hydrocarbon receptor (AhR) signaling is another stress response pathway involved in skin barrier homeostasis (53, 54) . Similar to Nrf2, AhR is sequestered in the cytoplasm and, upon activation, translocates to the nucleus to promote transcription of xenobiotic metabolism genes. Here we found that the AhR target genes cytochrome P450 1A1 (Cyp1a1) and Cyp1b1 were each significantly increased in Krt16-null paw tissue at 2 weeks of age, whereas aldehyde dehydrogenase 3A1 (ALDH3A1) and UDP glucuronosyltransferase 1A2 (UGT1A2) were minimally impacted (Fig. 7F) . In summary, the nature of the alterations Representative western blot for total K9 protein from WT and Nrf2-null paw skin. Actin was used as a loading control. All data is presented as mean fold change relative to control + SEM. * P < 0.05. * * P < 0.01. observed in several pathways known to impact terminal differentiation is not readily compatible with a role in the robust and sustained loss of Krt9/K9 expression in Krt16-null skin.
Nuclear localization of K16
Until this point, we assumed that K16 participates in the regulation of gene expression, whether negatively (e.g. DAMPs) or positively (Krt9) by regulating a canonical signaling pathway such as IL-1R-or Keap1-Nrf2-dependent signaling. However, emerging evidence indicates that keratins are able to regulate gene expression through interacting with transcription factors within the nucleus of epithelial cells (55, 56) . This raised the intriguing possibility that K16 could potentially localize and function within the nucleus, accounting in part for its ability to impact gene expression. In support of this possibility, transgenic mice overexpressing human K16 exhibited nuclear accumulation of K16 in skin keratinocytes, in a non-distinct punctate form, at the ultrastructural level (57) . While originally thought to be an artifact of overexpressing human K16 in a transgenic mouse model (57, 58) this observation raises the possibility that K16 can localize and potentially function within the nucleus.
To assess whether keratin 16 (K16) is able to localize to the nucleus, we transiently expressed GFP-tagged mouse K16 (GFP-mK16) in HeLa cells and treated them with Leptomycin B (LMB), an inhibitor of exportin 1 that has been used to facilitate the detection of nuclear-localized keratins (55, 56, 59, 60) . Using laser scanning confocal microscopy, K16 puncta were visualized within the plane of the nucleus in ∼20% of transfected cells after treatment with LMB (data not shown). Co-treatment with the pro-inflammatory molecules 12-O-tetradecanoylphorbal-13-acetate (TPA) and tumor necrosis factor (TNF) increased this frequency to ∼ 50% of transfected cells (Fig. 8A) . These distinct K16 puncta do not appear to be restricted to a specific region of the nucleus, and a single nucleus can have between 2 and 15 small K16-positive puncta in such preparations. Transfecting the human, rather than mouse, K16 coding sequence gave rise to similar findings (66% of transfected cells showed nuclear K16) (Fig. 8B) . We next transfected A431 keratinocytes with the GFPmK16 and treated the cultures with LMB, TPA and TNF. Nuclear accumulation of K16 was again observed in 20% of transfected cells (Fig. 8A) , indicating this behavior occurs in several species and cell lines.
K17, a type I keratin similar to K16, is robustly expressed in HeLa cells where it can occur in the nucleus (55) . We next tested whether K16 nuclear accumulation was dependent upon K17 by transfecting HeLa cells carrying a Crispr-CAS9-generated null allele for KRT17 (K17 KO) (55) . Unexpectedly, there was a dramatic increase in the percentage of transfected cells with K16 nuclear puncta in K17 KO cells (HeLa parental: 45.8% ± 1.7; HeLa KO: 94.7% ± 5.3; P = 0.013) (Fig. 8C-D) . This indicates that the presence of K17 is not necessary for and may even partially inhibit the nuclear accumulation of K16. Of further interest, when both K16 and K17 are present in the same nuclei, they form distinct puncta and occupy different regions of the nucleus (Fig. 8E) .
To establish that the presence of nuclear K16 was not an artifact of transient transfection of cells in culture and investigate whether there could potentially be a role for nuclear K16 in PPK pathogenesis, we turned to Krt9-null paw skin lesions (13) . K16 expression was reported to be elevated in Krt9-null paw skin lesions (13), a finding that we confirmed in our laboratory (Joseph Shen, unpublished data). Sections of paw skin lesions from 2 month old Krt9-null mice were immunostained for K16. Endogenous K16 expression was expressed throughout the entire epidermis, and a subset of cells (<1%) distinctly showed nuclear puncta positive for K16 (Fig. 8F) . We repeated this analysis for ear skin tumor samples obtained from HPV16 transgenic mice (61) and found that a subset of cells (<1%) distinctly showed nuclear puncta positive for K16 (Fig. 8G) . This suggests that endogenous K16 can localize to the nucleus in skin tissue in situ, in the absence of agents that alter nuclear import/export.
Discussion
Both PC as an inherited condition and PPK as a clinical manifestation are known to be highly heterogeneous. Formally assessing the degree of correlation in transcriptional changes occurring in PC cases arising from KRT6 or KRT16 mutations provided confirmation of the heterogeneity in PC-based PPK lesions between individuals. Additionally, comparing these PPK data sets with a microarray-based survey of gene expression in Krt16-null paw skin lesions provided definitive evidence that the latter undergo transcriptional changes that are similar to those occurring in PCassociated PPK lesions, solidifying its status as a relevant model for the study of pathogenesis of this condition. Evidence for this convergence is apparent in spite of fundamental differences in the way the gene expression surveys were conducted for the mouse model (comparison of WT and mutant mice) versus the human cases (comparison of clinically involved vs. non-involved skin within the same individual) (21) . Interestingly, our analysis suggests a better correlation between Krt16-null mouse paw lesions and the data sets for individuals with missense alleles in KRT6. This likely reflects in part the limited number of human cases examined and the fact that the mouse model involves a null mutation whereas the human PC cases harbor dominantly acting missense alleles. It also is consistent with the complex phenotype-genotype correlations that typify PC.
Mutations in either KRT16 or KRT9 can cause PPK, though the associated presentations differ significantly. KRT16 mutations result in PPK lesions that are non-epidermolytic and focal, i.e. restricted to pressure points on the palmar and/or plantar epidermis. Mutations in KRT9 cause PPK lesions that are epidermolytic and diffuse, i.e. they occur throughout the palmar and/or plantar surface. The footpad skin lesions that spontaneously develop in Krt16-null mice resemble FNEPPK as they occur predominantly on pressure points with the substratum and show limited suprabasal cell lysis (10) . As type I keratins, K16 and K9 would be expected to show some degree of functional redundancy in vivo (62, 63 ). Yet, the dramatic reduction of Krt9/K9 levels in Krt16-null footpad skin is not associated with conversion of the PPK-like lesions from non-epidermolytic to epidermolytic. The low levels of K9 prevailing in Krt16-null footpad skin may suffice to confer mechanical resiliency to footpad skin epidermis, but it could also be that other factors are at play in the relationship between keratin proteins and/or filaments and mechanical resiliency per se in keratinocytes (64) . Besides, the occurrence of a robust induction of Krt16/K16 in Krt9-null paw skin lesions (13) does not suffice to restore mechanical resiliency in this tissue. These findings attest to the multifaceted properties and sophisticated cellular roles of individual keratin proteins in skin.
Our efforts to directly implicate known effectors of terminal epidermal differentiation, including Nrf2, WNT, Notch, Dlx3, Hippo/Yap1 and AhR in the loss of Krt9/K9 expression at a prelesional stage in Krt16-null footpad skin have been unsuccessful. In nearly all cases, a survey of established target genes suggested that these pathways are, if anything, stimulated at 2 weeks of age in Krt16-null footpad skin, perhaps in an attempt to stimulate keratinocyte differentiation in response to a defective skin barrier (11) . The lack of a direct role for Keap1-Nrf2 in regulating Krt9 expression was unanticipated given that the gene features several predicted AREs, and hypoactive Nrf2 plays a role at the time of lesion onset in Krt16-null footpad skin (17, 18) . These observations establish that all of these signaling pathways do not effect a straightforward transcriptional activation of the Krt9 locus though, admittedly, they do not rule out alternative mechanisms of gene regulation. For instance, there is strong evidence for microRNA-based regulation of keratin gene transcripts in vivo, including MiR-184 targeting of KRT15 to promote keratinocyte differentiation (65), MiR-486-3p and MiR-138 targeting of KRT17 in psoriasis (66, 67) and MiR-26a targeting of KRT19 in cholangiocarcinoma cells (68) . Various algorithms (e.g. TargetScan, MiRDB) predict that microRNAs MiR-671-5p, MiR-6721-5p, MiR-4768-3p, MiR-4786-3p, MiR-4455, MiR-9500, MiR-6079 and MiR-4690-5p target the human KRT9 transcript, whereas microRNAs MiR-669-3p, MiR-344i, MiR-8097 and MiR-3073a-3p target the mouse Krt9 transcript. Several microRNAs, albeit distinct ones (MiR-28c, MiR-1983, MiR-31, MiR-6384 and MiR-7649), are upregulated by ≥3 SDs above WT in the Krt16-null microarray data set. Clearly, additional studies are needed to examine the mechanisms responsible for Krt9/KRT9 regulation in volar skin tissue in vivo.
Recently, a functional interaction between K16 and the inactive rhomboid protease RHBDF2 (irhom2) has been shown to occur in keratinocytes. Autosomal dominant gain of function mutations in RHBDF2 are the underlying cause of tylosis with oesophageal cancer (TOC, OMIM:148500), and these individuals present with PPK lesions early in childhood. In TOC-derived keratinocytes, K16 dissociates from its preferred type II keratin protein partner K6 and instead binds irhom2 and migrates to the perinuclear compartment (69) . Furthermore, in palmoplantar keratinocytes, irhom2 is positively regulated by the transcription factor p63, which promotes the proliferation of basal keratinocytes and inhibits terminal differentiation. In TOC patientderived keratinocytes, p63 perpetuates irhom2 activity, which promotes inflammation, oxidative stress and inhibits apoptosis. Treatment with SF suppresses this newly defined p63-irhom2 axis (70) . The role of this newly elucidated p63-irhom2 axis in KRT16 mutation-driven disease, such as PC-associated PPK, has yet to be understood and warrants investigation.
As noted in Cao et al. (21) , KRT9 transcripts are decreased in individuals harboring KRT6A mutations (8-fold to 36-fold decrease) but are minimally changed in those with KRT16 mutations. Of note, the levels of KRT16 varied greatly between PC cases. In KRT6 cases, the diminished KRT9 levels were accompanied by a 2-or 4-fold increase in KRT16 transcript levels, whereas the KRT16 cases, which had a modest (∼2-fold) increase in KRT9 levels, exhibited a remarkable 25-or 40-fold increase in KRT16 transcript levels. The latter raises the possibility that the dramatic upregulation of KRT16, either the mutant or WT allele, in the KRT16 cases may help mitigate the dramatic decrease in KRT9 levels that occurs in individuals with lower KRT16 transcript levels. Whether these observations imply that Krt16-null mice are a better model for KRT6 mutation-based PPK lesions, and/or suggest that KRT9 re-expression may be most effective in treating PC cases arising from KRT6 mutations, requires further study.
The observation that K16 can localize to the nucleus of keratinocytes raises the question of what function(s), if any, K16 carries out while present in the nucleus. One obvious possibility is that nuclear-localized K16 could play a role in regulating transcription either through interactions with transcriptional machinery, or via an impact on chromatin structure. We previously reported that the expression levels for many genes involved in epidermal homeostasis depend upon K16, but here again the mechanism(s) have not been elucidated (11) . The exact mechanism of how K16 localizes to the nucleus and what function(s) it may carry out in this locale have not been elucidated but represent an exciting opportunity to explore new biology.
The data presented here indicate that Krt16/K16 is a positive regulator of Krt9/K9 expression, and that complete loss of Krt16/K16 impairs the differentiation and function of volar skin keratinocytes despite the upregulation of many effectors of epidermal differentiation. The extent to which these newly defined roles are cell-autonomous versus cell non-autonomous remains unclear at present. We propose that impaired terminal differentiation is an early driver of PPK lesion onset and progression, since it occurs ahead of oxidative stress (17) , and that stimulation of KRT9 expression might be a therapeutic avenue worth exploring for at least some cases of PC-associated PPK. Keratin 9 expression can be stimulated in human keratinocyte cultures via treatment with the GSK inhibitor SB216763 (27) or in mouse paw skin tissue by SF (this study). While SB21673 has not been used in clinical trials, SF in the form of broccoli sprout extract can be safely delivered topically to modulate keratin expression and has shown therapeutic promise in the treatment of epidermis bullosa simplex arising from mutations in either keratins K5 or K14 (63, 71) . Future studies are necessary to determine whether the progress fostered by our study can translate into an impact for the treatment of PC-associated PPK.
Materials and Methods
Mouse strains and antibodies
Krt16-null mice (10) were generated by our laboratory in the C57BL/6 strain background, fed chow and water ad libitum and maintained under specific pathogen-free conditions. Nrf2-null mice (C57Bl/6 background) were provided by Thomas Kensler (Johns Hopkins University) and genotyped as described (63) . IL-1R −/− mice (C57Bl/6 background) were obtained from the Jackson Laboratory Bar Harbor, Maine, USA and genotyped as described (26) . Krt9-null mice (C57Bl/6 background) were provided by Irwin McLean (University of Dundee) and genotyped as described (13) .
HPV16
tg/+ transgenic mice (FVB/N strain) (72) were obtained from the National Cancer Institute. Commercial antibodies used are listed in Supplementary Material, Table 9 . All secondary antibodies used were either Alexa Fluor-conjugated (Life Technologies) or HRP-conjugated (Sigma-Aldrich). Generation of antihK16, anti-K17 and anti-mK16 antibodies have been described (57, 73, 74 (17) . Dilutions of SF were made fresh the day of treatment. At the end of the treatment regimen, paw tissue was taken for biochemical and morphological analyses. For embryonic tissues, matings were initiated and embryos timed as described (75) .
Cell culture and transfection assays
Parental A431 and HeLa cells were obtained from AATC and KRT17 knock out cell lines, which were generated at our laboratory have been described (55) . Plasmids GFP-mK16 and CMVhK16 were previously generated and used in our laboratory (17, 76) . The keratin 16 constructs were transiently transfected into A431 or Hela cells using FuGene HD (Promega #E2311) at a 1:3 ratio (DNA:FuGene volume ratio) according to manufacturer's instructions.
Chemicals
Leptomycin B (LMB; Sigma #P1585) was dissolved in 70% methanol and used at 40 nm working concentration. TPA (Sigma #L2913) was dissolved in dimethyl sulfoxide and used at 200 nm working concentration. TNF (Biolegend 570102) was dissolved in phosphate buffered saline (PBS) and used at 100 nm working concentration. All drug treatments lasted for 3 h with a 30 min LMB pretreatment. SF was obtained from LKT Laboratories Inc.
Microarray analysis
At the time of harvest, forepaws were degloved to isolate paw skin, and the nonvolar skin was removed with a razor blade. Total RNA isolated from paw skin, epidermis and dermis, of 2 month old Krt16-null (2 males, 2 females) and WT (2 males, 2 females) littermates (see Biochemical and morphological analyses) was subjected to microarray analysis by the Johns Hopkins Deep Sequencing Microarray Core using the Affymetrix Mouse Transcriptome Array 1.0 GeneChip. Affymetrix CEL files were extracted with the Partek Genomics Suite 6.6 platform. Affymetrix junction probes were excluded. Data were quantile normalized to generate log2 transcript signal values that were used in subsequent ANOVA analysis. Pathway analysis was done with QIAGEN IPA software (build version 478438M) on genes whose expression differed by 2 SDs or more in Krt16-null relative to WT. The human PPK data were downloaded from the supplemental material of Cao et al. (21) . The KRT6 and KRT16 data were selected and corresponding mouse orthologs were retrieved from Ensemble Biomart (77) . The data were then merged with mouse Krt16 null data based on mouse Entrez ID. The full merged table is in Supplementary Material, Table 10 .
Pearson correlation analysis was performed using the fold change of each sample in the merged data. For gene overlap analysis, differentially expressed genes were selected applying the same criteria as in Cao et al. (21) for the KRT6 or KRT16 cases and applying a fold change ≥3 SD for the mouse data (this study). The significance of the overlap is calculated by hypergeometric test.
Biochemical and morphological analyses
RNA was extracted from front paws using TRIzol reagent (Life Technologies) and treated with DNase (Nucleospin RNA kit; Machery Nagel). A total of 1 μg of the total RNA from each sample was reverse transcribed (iScript cDNA synthesis kit; Bio-Rad), and RT-qPCR was performed as described using Actin and 18S as reference genes (17, 55) . The targetspecific oligonucleotide primer sets we used are listed in Supplementary Material, Table 11 . Protein analysis was done by extracting protein from front paw skin tissue using TRIzol reagent (Life Technologies) according to the manufacturer's protocol and was solubilized in urea buffer [6.5 M urea, 50 mm Tris pH 7.5, 1 mm ethylene glycol tetraacetic acid, 2 mm dithiothreitol, 50 mm sodium fluoride, 1 mm sodium vanadate, 0.1% sodium dodecyl sulfate (SDS), sodium deoxycholate 0.01g/ml and protease inhibitors] overnight at 4
• C. The Bradford Assay
Kit (Bio-Rad) was used to determine protein concentration, and equal amounts of protein (15-20 μg range) were loaded onto 12% SDS/PAGE gels and blotted onto nitrocellulose. Bound primary antibodies were detected with enhanced chemiluminescence (Thermo Scientific). Actin was used as a loading control in all immunoblots. Total glutathione, GSH and GSSG levels in paw tissue were measured using a Glutathione Fluorometric assay kit (BioVision) according to manufacturer's specifications. For histological analyses at 2 weeks of age, paw tissue samples were fixed in 4% paraformaldehyde (Fisher Scientific #50980487) overnight and embedded in paraffin the next day. Sectioning was done in a specific and consistent orientation relative to paw morphology, and sections stained with hematoxylin and eosin (H&E) for routine histopathology. At harvest, paw tissue was alternatively submerged in optimal cutting temperature media (Sakura Finetek), flash frozen in liquid nitrogen and stored at -40
• C upon sectioning. Cryosections (5-6 μm) were cut in a specific and consistent orientation relative to paw morphology and stained with H&E for routine histopathology or incubated with primary antibodies and Alexa Fluor-conjugated secondary antibodies for indirect immunofluorescence (17, 55) . Immunohistochemistry and immunofluorescence images were acquired using a Zeiss fluorescence microscope with Apotome attachment. Confocal immunofluorescence images were acquired using a Zeiss LSM 710 or LSM 800 microscope. The nuclear presence of K16 was assessed by single-plane confocal microscopy through the nucleus in preparations dual stained with DAPI, as described in (55) . Images for the same marker were acquired at the same exposure, pixel range and gamma values. Acquired images were equally brightened, contrasted and cropped using ImageJ National Institutes of Health (NIH; version 1.51p) or Zen 2.3 software for optimal presentation. The PPK Index was determined as described in (17) by three blinded assessors working independently.
Statistics and quantitation of images
Unpaired two-tailed Student's t tests were performed when appropriate. Significance was set at P-value less than 0.05 (P < 0.05). Quantification data were presented in mean + standard error of the mean (SEM) calculated by dividing the SD between biological replicates by the square root of the number of biological replicates. Epidermal thickness measurements were done by determining the average thickness of the full epidermis (three measurements/image) from four 10× Apotome images of each biological replicate using ImageJ software (NIH; version 1.50e). Basal cell aspect ratio was determined by diving the length and width of individual basal cell nuclei using the ImageJ (NIH; version 1.50e) software. Quantitation of total protein levels from western blots and immunofluorescence images was also done using ImageJ software (NIH; version 1.50e or 1.51p).
Supplementary Material
Supplementary Material is available at HMG online.
